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HIGHLIGHTS 


•  Cell  area  specific  resistance  was  current-dependent  during  high  temperature  C02  reduction. 

•  Ni— YSZ  electrode  showed  higher  resistance  in  SOEC  mode  than  SOFC  mode. 

•  The  temperature  drop  at  thermal  minimum  voltage  created  the  condition  for  coking  on  Ni— YSZ. 

•  Higher  temperature  and  higher  C02  partial  pressure  could  help  minimize  coking  on  Ni— YSZ. 
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Electrochemical  reduction  of  carbon  dioxide  in  the  intermediate  temperature  region  was  investigated  by 
utilizing  a  reversible  solid  oxide  electrolysis  cell  (SOEC).  The  current— potential  (i — V)  curve  exhibited  a 
nonlinear  characteristic  at  low  current  density.  Differentiation  of  i—V  curves  revealed  that  the  cell  area 
specific  resistance  (ASR)  was  current-dependent  and  had  its  maximum  in  electrolysis  mode  and  mini¬ 
mum  in  fuel  cell  mode.  Impedance  measurements  were  performed  under  different  current  densities  and 
gas  compositions,  and  the  results  were  analyzed  by  calculating  the  distribution  of  relaxation  times.  The 
ASR  variation  resulted  from  the  difference  in  electrochemical  reactions  occurring  on  the  Ni-YSZ  elec¬ 
trode,  i.e.,  Ni— YSZ  is  a  better  electrode  for  CO  oxidation  than  for  C02  reduction.  Coke  formation  on  Ni 
—YSZ  played  a  crucial  role  in  affecting  its  electrolysis  performance  in  the  intermediate  temperature 
region.  The  ASR  apex  was  associated  with  a  decrease  in  cell  temperature  during  electrolysis  due  to  the 
endothermic  nature  of  C02  reduction  reaction.  It  was  postulated  that  such  a  decrease  in  temperature  and 
rise  in  CO  concentration  led  to  coke  formation.  As  a  consequence,  higher  temperature  (>700  °C),  higher 
C02  concentration  (>50%),  and  the  presence  of  hydrogen  or  steam  are  recommended  for  efficient  C02 
reduction  in  solid  oxide  electrochemical  cells. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  conversion  of  renewable  electrical  energy  to  fuels  using 
common  substrates  (e.g.  CO2  and  water)  provides  an  opportunity  to 
remove  the  temporal  variation  in  the  energy  supply  from  solar  and 
wind  energy  sources.  As  a  consequence,  electrolysis  has  gained 
substantial  attention  to  convert  water  and/or  carbon  dioxide  to 
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fuels.  In  comparison  with  room  temperature  electrolysis  tech¬ 
niques,  the  essence  of  solid  oxide  electrolyzer  cells  (SOECs)  lies  at 
its  elevated  operation  temperatures  (>650  °C),  which  result  in  (1 )  a 
higher  electrolysis  efficiency  because  of  a  lower  Nernst  potential  - 
a  thermodynamic  potential  required  to  split  CO2  -  at  higher 
operation  temperatures,  and  (2)  the  use  of  inexpensive  oxide-based 
electrodes  as  the  catalysts  for  a  cost-effective  electrolysis,  instead  of 
the  precious  metals  (e.g.  Pt)  used  in  solution-based  electrolysis  cells 
[1  ].  An  additional  advantage  of  conversion  of  CO2  to  CO  in  SOECs  is 
their  capability  of  generating  oxygen  where  water  is  not  available, 
for  instance  during  the  exploration  of  the  Planet  Mars  [2,3]. 
Furthermore,  the  high  temperature  CO2  electrolysis  can  be 
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integrated  with  carbon  fixation  and  syngas  production,  whereas 
syngas  can  undergo  Fischer-Tropsch  process  to  yield  hydrocarbon 
fuels,  thus  facilitating  a  carbon-neutral  cycle  [4-8]. 

The  primary  challenge  in  developing  SOECs  is  their  degradation 
at  elevated  temperatures  when  LSM/YSZ  was  used  as  the  air  elec¬ 
trode,  largely  due  to  the  delamination  of  air  electrode  [9-11]  and 
the  formation  of  pores  at  YSZ  grain  boundary  [12].  Lai_xSrxCoi_ 
yFey03_,5  (LSCF),  on  the  other  hand,  was  found  to  be  capable  of 
suppressing  the  delamination  problem  [13].  Tietz  et  al.  [14]  recently 
reported  a  degradation  rate  of  3.8%  per  1000  h  over  9000  h  at 
778  °C  for  steam  electrolysis  with  LSCF  as  the  oxygen  electrode. 
Since  most  works  on  high  temperature  electrolysis  were  carried  out 
at  approximately  800  °C  or  higher,  the  aim  of  the  present  research 
was  to  study  the  electrochemical  reduction  of  CO2  over  the  inter¬ 
mediate  temperature  regime  (650-750  °C).  LSCF  was  used  as  the 
air  electrode,  which  can  provide  sufficient  activity  and  less  degra¬ 
dation  in  this  temperature  region.  The  results  were  analyzed  by  the 
differentiation  of  i—V  curve  [15]  for  DC  measurements  and  the 
distribution  of  relaxation  times  (DRT)  [16-20]  for  impedance 
measurements. 

2.  Experimental 

A  bilayer  comprised  of  Ni-YSZ  and  YSZ  electrolyte  was  prepared 
by  tape  casting.  The  thickness  and  diameter  of  the  bilayers  were 
approximately  1  mm  and  25  mm,  respectively,  and  the  dense 
electrolyte  membrane  was  ~8  pm  thick.  A  Gd0.20Ce0.80O1.90  (GDC, 
Fuel  cell  materials,  OH)  layer  was  spin-coated  on  YSZ  and  co¬ 
sintered  with  anode  current  collector  (Ni  mesh  embedded  in  NiO 
paste)  at  1150  °C  for  2  h.  Micrometer  carbon  powders  were  added 
as  a  pore  former  for  (Lao.6oSro.4o)o.995(Coo.2oFeo.8o)03_x  (LSCF,  Fuel 
cell  materials,  OH)  and  (Lao.8Sr0.2)o.95Mn03_x  (LSM20,  NexTech 
Materials,  OH)  inks.  A  layer  of  LSCF  with  10  wt.%  carbon  was  screen- 
printed  on  the  GDC  layer;  then  another  layer  of  LSCF  containing 
20  wt.%  carbon  was  added  on  the  first  layer.  After  sintering  the  LSCF 
at  900  °C  for  2  h,  LSM20  containing  50  wt.%  carbon  was  screen- 
printed  as  the  current  collecting  layer,  and  a  piece  of  gold  mesh 
was  pressed  into  the  wet  LSM20  ink  before  heating  up.  The  active 
cathode  area  was  2  cm2  for  calculating  current  density  and  area 
specific  resistance  (ASR).  Fig.  1  shows  a  schematic  illustration  and  a 
cross-sectional  image  of  the  cell  structure. 

Each  cell  was  electrically  connected  to  the  test  fixture  with  Pt 
wires,  and  then  sealed  on  a  tubular  alumina  stand  with  a  glass 
paste.  A  perforated  alumina  cap  was  laid  on  top  of  the  gold  mesh 
and  spring-loaded  to  provide  sufficient  mechanical  contact  to  the 
LSCF  electrode.  The  fuel  to  the  Ni-YSZ  electrode  was  25%  CO-75% 
C02  or  50%  CO— 50%  C02  at  a  flow  rate  of  200  seem,  and  the  LSCF 
electrode  was  supplied  with  400  seem  air.  Solartron  1470E  Multi¬ 
stat  and  1255B  Frequency  Response  Analyzer  (Solartron  Analytical, 
TN)  were  used  for  i—V  sweep  and  impedance  measurement.  The  AC 
amplitude  was  either  5  mV  at  OCV  or  5%  of  the  applied  direct 
current  (from  0  up  to  ±0.4  A  cm-2)  for  impedance  measurements 
ranging  from  0.01  to  100  kHz.  Cells  were  tested  at  650,  700  and 
750  °C. 

3.  Results  and  discussion 

The  i—V  curves  and  impedance  spectra  are  illustrated  in  Figs.  2 
and  3,  respectively.  Open  circuit  voltages  were  very  close  to  the 
theoretical  Nernst  potentials,  indicating  the  presence  of  a  hermetic 
seal.  All  i—V  curves  evolve  smoothly  from  SOFC  to  SOEC  mode  in  a 
nonlinear  manner  within  the  sweep  range.  Hence,  the  cell  ASR, 
defined  as  dEf/dz,  varies  with  current  density.  Impedance  spectra 
in  Fig.  3  show  that  the  polarization  resistance  (Rp)  decreased 
monotonously  in  proportion  to  the  current  density  when  the  cell 


was  operated  in  fuel  cell  mode  (e.g.  under  positive  current).  With 
the  presence  of  negative  current,  i.e.  electrolysis  mode,  Rp  pattern 
was  more  complex.  At  650  °C,  Rp  is  found  to  decrease  with 
increasing  current  density;  while  at  700  and  750  °C,  Rp  first  in¬ 
creases  at  lower  current  density  and  then  decreases  at  higher 
current  density.  It  is  also  noticed  that  the  ohmic  resistance  (Rq) 
increases  in  SOEC  mode  and  decreases  in  SOFC  mode  with 
increasing  current  density.  The  deviated  Rq  could  recover  when 
the  DC  bias  was  removed,  suggesting  that  it  is  a  temporal  effect 
under  polarization.  Such  minor  change  of  Rq  with  DC  bias  was 
observed  in  other  studies  [21,22],  and  its  reason  will  be  discussed 
further.  Since  the  Rq  variation  was  minor  compared  to  Rp,  the 
change  of  Rp  dominated  the  change  of  ASR  of  the  cell.  The  dif¬ 
ferentiation  of  the  i—V  curve  yields  the  total  ASR  of  the  cell.  In  our 
previous  study  [15]  the  ASR  values  derived  from  the  differentia¬ 
tion  of  i—V  curve  were  compared  to  results  from  impedance 
measurements,  and  showed  good  agreement,  thus  analysis  of 
impedance  spectra  can  provide  more  details  on  the  electro¬ 
chemical  processes  occurring  in  SOECs. 

Fig.  4  shows  the  total  ASR  of  the  cell  measured  by  i—V  sweep. 
The  ASRt,dc  exhibited  a  maximum  in  SOEC  mode  and  a  minimum  in 
SOFC  mode.  Moreover,  the  fuel  rich  in  CO  resulted  in  larger  resis¬ 
tance.  Such  a  phenomenon  became  more  prominent  at  lower 
temperatures  due  to  its  thermally  activated  conversion  process, 
which  will  be  discussed  further.  Ebbesen  and  Mogensen  [23]  also 
observed  the  similar  phenomenon  on  a  LSM— YSZ  based  cell,  with 
an  ASR  of  0.30  Q  cm2  and  0.36  Q  cm2  for  SOFC  and  SOEC,  respec¬ 
tively  (850  °C,  CO2/CO  =  50/50,  ±0.25  A  cm-2).  The  change  in  gas 
composition  influenced  the  ASR  of  SOEC  more  than  that  of  SOFC. 
For  instance,  the  difference  in  ASR  between  the  fuels  consisting  of 
25%  CO  and  50%  CO  was  negligible  at  700  °C  when  the  current 
density  increased  from  0  to  0.4  A  cm-2;  however  in  SOEC  mode,  the 
ASR  between  the  two  fuels  differed  as  much  as  0.2  Q  cm2.  Such  an 
ASR  change  in  SOEC  mode  was  even  more  pronounced  at  650  °C.  In 
all  experiments,  switching  fuel  gas  from  25%  CO-75%  C02  to  50% 
CO— 50%  CO2  resulted  in  a  higher  ASR,  suggesting  that  certain 
electrochemical  processes  on  Ni-YSZ  are  responsible  for  the  in¬ 
crease  of  ASR  in  SOEC  mode.  The  analysis  of  DC  measurement  alone, 
however,  cannot  provide  sufficient  information  on  the  origin  of  this 
phenomenon.  The  deconvolution  of  impedance  spectra  by 
analyzing  the  distribution  of  relaxation  times  (DRT)  [17]  becomes 
necessary,  because  this  approach  is  capable  of  resolving  over¬ 
lapping  arcs  up  to  half  a  decade. 

Fig.  5  illustrates  DRT  spectra  derived  from  the  imaginary  part  of 
the  impedance  data  measured  at  700  °C.  The  area  under  the  curve 
represents  the  total  polarization  resistance,  and  each  peak  repre¬ 
sents  a  process  that  contributes  to  the  Rp.  In  the  current  case 
(700  °C  and  CO  50%-CO2  50%),  five  peaks  at  4073  Hz,  581  Hz, 
38.9  Hz,  2.4  Hz  and  0.1  Hz  were  observed  and  designated  as  PI  to 
P5,  respectively.  Such  relaxation  times  distribution  pattern  is 
typical  for  a  solid  oxide  cell  with  Ni-YSZ  and  LSCF  electrodes. 
Leonide  and  Ivers-Tiffee  [24]  attributed  the  peaks  at  2.3  kHz, 
581  Hz,  and  4.1  Hz  to  ionic  transport,  charge  transfer,  and  gas 
diffusion  in  the  anode,  respectively.  The  peak  at  16.2  Hz  represents 
oxygen  surface  exchange  and  bulk  diffusion  in  the  cathode.  Cath¬ 
ode  gas  diffusion  is  represented  by  the  peak  at  0.1  Hz.  The  afore¬ 
mentioned  peak  attribution  serves  as  a  framework  for  our  analysis. 
PI,  P2  and  P3  shown  in  Fig.  5  dominate  the  spectrum  measured 
under  OCV.  When  the  cell  was  operated  with  a  positive  current 
(SOFC  mode),  P2  and  P3  were  reduced  by  about  60%.  A  negative 
current  (SOEC  mode),  however,  resulted  in  a  significant  decrease  in 
P3  while  an  increase  in  P2.  The  response  of  P2  to  various  operation 
modes  appears  interesting  as  it  corresponds  to  electrochemical 
catalytic  characteristics  of  the  cell,  i.e.  whether  it  favors  CO  oxida¬ 
tion  or  CO2  reduction.  In  order  to  identify  the  origin  of  this  peak, 


J.  Yan  et  al.  /  Journal  of  Power  Sources  252  (2014)  79-84 


81 


Pt  wire 


Au  mesh 

LSM  current  collector 


GDC  buffer  layer 


YSZ  electrolyte 
Ni-YSZ  anode 


LSCF 

gas  diffusion  layer 
LSCF 

functional  layer 


Anode  YSZ/SDC  LSCF  LSM 


Fig.  1.  A  schematic  illustration  and  a  cross  sectional  image  of  the  cell  structure. 


Current  density  /  Acrrf2 


Fig.  2.  V-i  curves  for  Ni-YSZ/YSZ/GDC/LSCF  cell  at  different  temperatures  and  feed 
compositions:  (thick  lines)  25%  CO-75%  C02;  (thin  lines)  50%  CO-50%  C02. 


data  measured  under  different  gas  compositions  and  DC  bias  are 
analyzed  and  compared. 

DRT  transformation  of  impedance  data  measured  under  nega¬ 
tive  current  was  performed  to  examine  the  contributions  of  po¬ 
larization  resistance.  The  result  in  Fig.  6  showed  that  as  gas 
composition  shifted  from  25%  CO-75%  C02  to  50%  CO-50%  C02,  P2 
at  316  Hz  increased  and  PI  at  4  kHz  decreased.  This  was  observed  at 
both  650  °C  and  700  °C.  Since  the  change  of  gas  composition 
occurred  in  the  fuel  side  while  the  air  side  remained  the  same, 
hence  the  increase  in  ASR  was  a  result  of  the  electrochemical 
processes  on  Ni-YSZ  electrode.  Consequently,  it  is  reasonable  to 
attribute  PI  and  P2  to  the  Ni-YSZ  electrode.  Similar  assignment 
was  carried  out  by  Leonide  et  al.  on  an  anode-supported  SOFC  [24], 
in  which  the  impedance  arc  at  581  Hz  was  ascribed  as  gas  diffusion 
coupled  with  charge  transfer  and  ionic  transport  in  anode  func¬ 
tional  layer. 

Wang  and  Gorte  [25]  compared  LSM,  LSF  and  LSCo  as  the  oxygen 
electrode  for  solid  oxide  electrolyzer  and  observed  that  ASR  was 
independent  of  current  density  up  to  140  mA  cm-2.  Since  the  LSCF 
used  in  this  work  possesses  similar  properties  with  LSC  or  LSF,  it  is 
reasonable  to  assume  that  the  oxygen  electrode  is  not  responsible 
for  the  current  dependency  observed  in  our  study,  at  least  in  the 
range  of  ±0.1  mA  cm-2.  On  the  other  hand,  Kim-Lohsoontorn  et  al. 
[26]  studied  a  Ni-GDC  based  cell,  which  exhibited  a  better 


82 


J.  Yan  et  al.  /  Journal  of  Power  Sources  252  (2014)  79-84 


1,21  650°C 
0.8J  SOEC 

0.4 

0.0 


-□-ocv 

O  -O.IAcm'2 


0.5  1.0  1.5  2.0  2  5  3.0  3.5 

-□-OCV 

700°C  -O- -O.IAcm'2 

A  -0.2Acm'2 


1.2 

0.8 

0.4 

0.0 


650°C 

SOFC 


□  ocv 

-O-  O.IAcm2 
A  0.2Acm'2 


0.5  1.0  1.5  2.0  2.5  3.0  3.5 


700°C 

SOFC 


□  ocv 
-O-  O.IAcm'2 
A  0.2Acm2 


N  0.0 


0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6  0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6 

H=F0CV  noJ  -□  OCV 

O  -O.IAcm'2  uz 


0.2]  750°C 
SOEC 


-A-  -0.2Acm2 
v  -0.4A  cm 2  g  ^ 


750°C 

SOFC 


o- O.IAcm 
A  0.2Acm'2 
V  0.4Acm2 


0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.2  0.3  0.4  0.5  0.6  0.7  0.8 

Z’  /  Q  cm2 

Fig.  3.  Impedance  measured  for  Ni-YSZ/YSZ/GDC/LSCF  cell  under  50%  CO-50%  C02:  (left)  SOEC  mode;  (right)  SOFC  mode. 


performance  as  an  electrolyzer  than  a  fuel  cell.  They  attributed  this 
observation  to  the  oxygen  storage  capacity  of  GDC,  which  likely 
suppressed  the  oxidation  of  Ni  surface.  Replacing  Ni-YSZ  with  Ni- 
GDC  resulted  in  different  current-dependency  pattern  of  cell 
resistance  suggests  that  such  a  current-dependent  feature  most 
likely  originated  from  the  fuel  electrode. 

It  is  known  that  direct  CO2  electrolysis  on  Ni— YSZ  is  kinetically 
sluggish  compared  to  other  reactions  such  as  water  splitting 
[27,28],  implying  that  the  direct  electrochemical  reduction  of  C02 
on  Ni-YSZ  is  intrinsically  a  rate-limiting  process.  Moreover,  Stoots 
et  al.  [5  suggested  that  coke  formation  is  possible,  since  the  C02 
reduction  potential  is  only  slightly  lower  than  that  of  coke  forma¬ 
tion  reaction: 

CO  — ►  C  +  0.5O2  [1] 


Current  density  /  A  cm'2 


Fig.  4.  ASR  vs.  current  density  plots,  derived  from  differentiation  of  V-i  curves  mea¬ 
sure  for  Ni-YSZ/YSZ/GDC/LSCF  cell:  (thick  lines)  25%  CO-75%  C02;  (Thin  lines)  50% 
CO— 50%  C02. 


Under  SOEC  operating  conditions,  the  latter  becomes  even  more 
feasible.  If  such  a  thermodynamic  condition  was  reached,  it  can 
lead  to  coke  deposition  on  the  catalytically  active  sites  because 
nickel  is  capable  of  catalyzing  CO  disproportionation  reaction,  also 
known  as  Boudouard  reaction: 

2CO  -  C  +  C02  [2] 

This  may  explain  why  the  25%  CO-75%  C02  composition,  which 
had  a  lower  CO  partial  pressure,  resulted  in  a  lower  SOEC  ASR. 
However,  the  fact  that  ASR  decreased  after  reaching  the  peak  value 
implies  that  CO  partial  pressure  is  not  the  only  factor.  Interestingly, 
by  plotting  the  ASR  against  voltage  (Fig.  7),  it  is  noticed  that  all 
maximum  ASR  values  were  reached  at  a  similar  voltage  for  three 
different  temperatures,  i.e.  1.08  V  for  25%  CO-75%  C02  and  1.11  V  for 


log(f)  /  Hz 


Fig.  5.  DRT  spectra  for  Ni-YSZ/YSZ/GDC/LSCF  cell  measured  under  700  °C  and  50% 
CO— 50%  C02:  (-□-)  OCV;  (-O-)  +0.2  A  cm"2;  (-A-)  -0.2  A  cm"2. 
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Fig.  6.  DRT  spectra  showing  the  effect  of  shifting  gas  composition  under  electrolytic 
current  at  650  °C  and  700  °C  for  Ni-YSZ/YSZ/GDC/LSCF  cell:  (-□-)  25%  CO-75%  C02; 
(-O-)  50%  CO— 50%  C02. 

50%  CO— 50%  CO2.  Since  electrolysis  is  an  endothermic  process,  the 
heat  required  for  the  reaction  increases  linearly  with  current  den¬ 
sity  while  the  heat  generated  from  Joule  effect  is  proportional  to  the 
square  of  current  density.  Thus,  the  heat  demand  of  the  reaction 
can  be  compensated  by  Joule  heat  at  a  certain  voltage,  referred  to  as 
thermal  neutral  voltage  (TNV),  which  is  slightly  dependent  of 
temperature  but  independent  of  gas  composition.  The  TNVs  for  CO2 
electrolysis  at  650,  700  and  750  °C  are  1.466,  1.465  and  1.464  V, 
respectively.  Therefore,  as  the  cell  voltage  increases,  a  minimum 
temperature  is  expected  somewhere  between  OCV  and  TNV. 

In  an  SOEC  model  [29]  developed  for  CO2  electrolysis,  the  mean 
electrolyte  temperature  was  found  to  initially  decrease  with 
voltage,  reaching  the  minimum  at  about  1.1  V,  and  then  increase 
significantly  afterwards,  eventually  leveling  up  with  the  inlet  gas 
temperature  at  TNV.  This  temperature-voltage  pattern  is  quite 
similar  to  the  ASR-voltage  pattern  observed  in  our  study.  The 
minimum  temperature  is  reached  at  1.1  V,  which  agrees  with  re¬ 
sults  obtained  in  this  research,  where  the  ASR  maximum  value  was 
at  1.08-1.11  V.  This  implies  that  the  ASR  maximum  may  be  a  result 
of  temperature  variation  within  the  cell.  In  the  simulation,  the 
mean  electrolyte  temperature  decreased  by  approximately  8  °C.  A 


Fig.  7.  ASR  vs.  voltage  plots:  (Thick  lines)  25%  C0-75%C02;  (Thin  lines)  50%  CO-50% 
C02.  The  ASR  peaks  for  25%  CO-75%  C02  appeared  at  1.08  V,  and  the  peaks  for  50% 
CO— 50%CO2  appeared  at  1.11  V. 


greater  temperature  decrease,  however,  could  be  expected  at  the 
electrode  surface,  particularly  at  the  catalytically  active  sites,  where 
the  endothermic  reaction  takes  place.  O’Brien  and  co-workers  [30] 
measured  the  temperature  in  a  steam  electrolyzer  stack  with  a 
miniature  thermocouple  placed  in  the  gas  flow  channel.  They 
observed  that  the  temperature  decreased  by  ~  11  °C  at  the  thermal 
minimum  voltage  of  1.06  V,  a  voltage  consistent  with  our  obser¬ 
vation.  Since  the  enthalpy  change  (AH)  of  the  electrochemical  re¬ 
action  is  composed  of  two  parts: 

AH  =  AG  +  TAS  [3] 

where  AG  represents  the  electrical  energy  and  TAS  represents  the 
thermal  energy,  it  must  be  pointed  out  that  CO2  electrolysis  pre¬ 
sents  greater  thermal  demand  (TAS)  than  H20,  e.g.  at  700  °C,  TAS 
are  84.79  kj  mol-1  and  53.35  kj  mol-1  for  CO2  and  H20  reduction, 
respectively.  Hence  for  CO2  electrolysis,  it  is  reasonable  to  assume 
that  the  temperature  at  the  electrode  surface  could  be  lowered  by 
more  than  11  °C  at  the  thermal  minimum  voltage.  Moreover,  the 
temperature  shift  is  further  supported  by  the  impedance  results  in 
Fig.  3,  which  show  that  Rq  increases  in  SOEC  mode  as  a  result  of 
cooling  and  decreases  in  SOFC  mode  as  a  result  of  heating  at  all 
temperatures  and  in  all  gas  compositions. 

The  decrease  in  temperature  would  certainly  lower  the  elec¬ 
trode  activity  to  some  extent,  yet  under  the  conditions  given  in  this 
study,  it  may  well  trigger  critical  equilibrium  shift  that  leads  to 
carbon  deposition,  particularly  at  temperature  -650  °C.  According 
to  Boudouard’s  equilibrium  (see  Fig.  8),  the  equilibrate  fraction  of 
CO  at  650  °C  is  39%,  therefore,  any  higher  CO  concentration  would 
result  in  carbon  formation.  Obviously  in  our  case,  the  50%  CO-50% 
CO2  fuel  gas  composition  already  exceeded  the  limit,  making  the 
Ni-YSZ  electrode  prone  to  carbon  deposition. 

When  the  electrolytic  current  was  applied,  the  CO/C02  ratio  on 
the  electrode  surface  further  increased.  This  effect  together  with 
the  decrease  in  temperature  rapidly  brought  down  the  equilibrate 
fraction  of  CO,  and  facilitate  coke  formation  on  the  electrode.  As  a 
consequence,  some  catalytic  active  sites  are  blocked  and  subse¬ 
quently  the  cell  resistance  is  increased.  With  further  increasing  the 
electrolytic  current,  it  was  possible  to  offset  the  coking  tendency  of 
the  system  by  recovering  temperature  and  accelerating  mass 
transfer.  At  700  and  750  °C,  the  equilibrate  CO  fractions  are  57%  and 
74%,  respectively,  higher  than  the  50%  CO  in  the  fuel  gas. 


Fig.  8.  Boudouard  equilibrium.  The  area  above  the  curve  indicates  carbon  deposition 
zone;  the  CO  equilibrate  fractions  for  650  °C,  700  °C,  750  °C  are  0.39,  0.57,  0.74, 
respectively. 
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Consequently,  the  ASR  peaks  at  700  and  750  °C  were  much  lower. 
The  temperature  drop  was  probably  the  major  cause  of  the  ASR 
increase  in  these  cases,  and  coke  formation  was  not  triggered. 

Hence,  in  order  to  improve  the  performance  towards  CO2 
reduction,  it  is  necessary  to  operate  the  cell  at  higher  temperatures 
(>700  °C)  and  higher  C02  concentration  (>50%)  to  avoid  possible 
coking.  Addition  of  water  can  suppress  coke  formation  on  the 
electrode.  Indeed,  co-electrolysis  of  steam  and  C02  exhibited 
similar  performance  as  steam  electrolysis  [4,7,31-33],  suggesting 
water  splitting  to  form  hydrogen  is  more  preferred  and  CO  is  pro¬ 
duced  by  the  following  reverse  water-gas  shift  reaction.  Therefore 
mixing  C02  feed  gas  with  steam  or  hydrogen  is  a  feasible  approach 
to  improve  the  electrolysis  efficiency. 

4.  Conclusions 

The  performance  of  Ni-YSZ/YSZ/GDC/LSCF  cell  for  C02  elec¬ 
trolysis  at  intermediate  temperature  (650-750  °C)  was  investi¬ 
gated  with  V—i  curve  differentiation  and  distribution  of  relaxation 
times  for  DC  and  AC  data,  respectively.  Results  suggest  that  cell  ASR 
was  current-dependent,  ascending  to  a  maximum  during  elec¬ 
trolysis  and  descending  to  a  minimum  in  SOFC  operation.  This 
phenomenon  was  associated  with  electrolysis  induced  temperature 
drop  that  not  only  caused  lower  cell  activity  but  also  possible  coke 
formation  on  Ni-YSZ,  particularly  at  650  °C.  Therefore,  tempera¬ 
ture  above  700  °C  and  C02  concentration  higher  than  50%  are 
recommended  for  C02  electrolysis  at  intermediate  temperatures. 
Furthermore,  the  addition  of  H2  and  steam  could  also  improve  the 
efficiency  of  C02  reduction. 
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